Central to the success of microfluidic systems has been the development of innovative methods for the manipulation of fluids within microchannels. We demonstrate a method for generating flow within a microfluidic channel using an optically driven pump. The pump consists of two counter rotating birefringent vaterite particles trapped within a microfluidic channel and driven using optical tweezers. The transfer of spin angular momentum from a circularly polarised laser beam rotates the particles at up to 10 Hz. We show the that the pump is able to displace fluid in microchannels, with flow rates of up to 200 µm 3 s -1 (200 fL s -1 ). The direction of fluid pumping can be reversed by altering the sense of the rotation of the vaterite beads. We also incorporate a novel optical sensing method, based upon an additional probe particle, trapped within separate optical tweezers, enabling us to map the magnitude and direction of fluid flow within the channel. The techniques described in the paper have potential to be extended to drive an integrated lab-on-chip device, where pumping, flow measurement and optical sensing could all be achieved by structuring a single laser beam.
INTRODUCTION
Micro-fabrication techniques derived from microelectronics has been adapted to build miniaturised analytical systems for biological and chemical processes. Fluid manipulation on such devices not only gives the possibility of automated analysis systems but has the advantages of providing faster and higher throughput, reducing the volume of the materials used and providing the ability to perform multiple processes in parallel 1 . Central to the success of microfluidic systems has been development of innovative methods for the manipulation of fluids within microchannels. Various existing fluid pumping techniques based on capillary forces, electrokinetics 2 and hydraulic control 3 have been shown to be effective in developing well controlled fluid flow, but require the implementation of external transducers.
Optical trapping, originally developed by A. Ashkin 4 in the late 1980's, have been an enabling factor behind investigations into the interaction of light and matter on the micron scale. The technique uses a tightly focused laser beam, creating an optical gradient force for trapping microscopic dielectric objects. The trapped objects are drawn to regions of high optical intensity confining them in three dimensions. The technique can trap objects of various size ranging from 100's of nanometers to 10's of microns 5 , 6 . The addition of a spatial light modulator to split a single laser beam to create multiple traps is termed holograhic optical tweezers 7 and have been applied to the assembly of complex 3D geometries of trapped objects, including particles 8 , 9 and cells 10 .
Optical tweezers have also been widely used for the study of light's angular momentum 11 . Light is known to carry both spin and orbital angular momentum associated with the polarization and phase structure of the beam respectively 12 . It has been shown that the transfer of spin angular momentum from a circularly polarized light onto a trapped birefringent micro-particle, results in the particle spinning at a rotation rate of up to a few hundred Hertz 13 . This technique of spinning particles has also been used as micro probes to measure the rheological properties of systems 14 , 15 .
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Recently optical tweezers have been used to develop a new method of driving a pumping process. This promising new method for microfluidic control allows the possibility of incorporating programmable holographic optical tweezers to automate functions within micro devices using a single light source. Some recent studies have described optical tweezers to drive fluid flow. Terray et al. 16 reported peristaltic pumps and valves using timeshared optical traps, in which multiple silica particles were moved within a microchannel by a scanning mirror steer the tweezing beam and trapped particle to induce fluid motion. Subsequenly, Ladavac et al. 17 used holographic optical tweezers to transfer orbital angular momentum to rings of trapped particles resulting in a displacement of colliods through a liquid medium. Most recently, Neale et al. 18 reported the fabrication and rotation of form birefrigent microgears which could, in future, be used as a micropump.
We report on a new system for driving fluid in microchannels using an optically driven pump 19 which does not require any specific channel design or scanning mirrors. Our approach uses the transfer of spin angular momentum from a circularly polarised beam to trapped birefringent particles. The transfer of the angular momentum causes the particles to rotate and results in a flow of the surrounding fluid. By positioning the particles close to the channel edge, a net fluid flow along the channel is generated. A novel optical sensing method for mapping the magnitude and direction of flow in a microfluidic channel is also incorporated. Due to the simplicity of the design, it is possible to integrate the pump into a lab-on-chip device, and use the same system, to perform a sensory function. Fig. 1 . The optical set up required for the optical pump. The polarisation of the 1064 nm laser is aligned appropriately so that on transmission through the Wollaston prism it is split into two orthogonally polarised components. The two traps are formed at the focus of the high magnification microscope objective. The second laser, at 532 nm, is used to trap the probe particle used for the flow measurements. between the beams corresponds to a lateral separation of the traps. The illumination light was coupled via the condensing lens and the resulting image viewed using a mounted camera (Pulnix TM9701).
METHODOLOGY
The microfluidic channels were made using standard soft lithographic techniques 20 , namely pattern transfer, deep dry etch and replica moulding of the elastomeric polymer, poly(dimethylsiloxane), PDMS, Sylgard 184. A positive photoresist was spin-coated onto a silicon wafer, and the channel pattern was transferred into the resist layer by photolithography. The patterned wafer was then dry etched using an anisotropic deep silicon etch (STS, Cardiff). Smooth, high aspect ratio masters, 15 µm deep were produced and subsequently used to cast the channels in PDMS. A mixture of de-gassed poly(dimethylsiloxane), PDMS, Sylgard 184, pre-polymer and curing agent was poured over the silicon master mold, which, after curing, revealed channel structures. Finally, the PDMS channels were sealed against a 150 µm thick coverglass producing the microchannels. A third probe particle (diameter 1 µm) was trapped within the channel using a 532 nm (Coherent VersaDisk) coupled into the optical train before entering the microscope objective. The probe particle was trapped in the same plane as the rotating particles by slight adjustments to the collimation of the 532 nm laser. In the simplest experiments, the bead was released and the flow was tracked by using video imaging. A more detailed study of the fluid flow was made using the bead as a flow sensor. As shown in Fig. 2 , in these experiments a beam steering mirror and a mechanical chopper running at 40 Hz 21 were used to repeatedly trap and release the bead from a specific position within the channel. When released the particle travelled a given distance and direction, depending upon the microfluidic flow, prior to the trap being re-established, and the bead being drawn back into the optical trap. Images of the particle were taken on consecutive trigger signals with a relative delay of a few ms, so that the magnitude and direction of the flow could be calculated at that point.
In order to transfer spin angular momentum from the circularly polarized laser beam, birefringent vaterite particles were produced using the procedure reported by Bishop 13 . The torque τ, exerted by a circularly polarised light beam of wavelength λ upon an object of birefringence ∆n, and thickness d is proportional to,
The maximum torque occurs when the particle acts as halfwave plate, reversing the handedness of the light as it passes through. For vaterite, which has a birefringence of 0.10, the optimum thickness for maximum torque is 5.3 µm, eqn (1). Hence, although it is possible to grow vaterite crystals ranging in diameter from 1-10 µm and shaped from cubic to spherical, we chose to produce spherical particles of 5-7 µm in diameter. The particles were introduced into the sample cell and the 1064 nm beam was used to trap two of the particles in the microfluidic channel. The opposite handedness of the trapping beams caused the two particles to rotate in opposite directions; one clockwise, the other anti-clockwise. The distance between the two traps could be changed by adjusting the position of the Wollaston prism along the optical train. The particles were placed as close as possible to the channel walls to reduce any possible back-flow that would otherwise reduce the overall pumping efficiency. The position and height of the two particles, within the channels could be readily modified either through translation of the motorised microscope stage or by using the optical tweezers, per se. For the results that we report, the rotating particles were held mid-height within a 15 µm deep channel, i.e. approximately 5 µm, from the channel floor. The fluid could be pumped in either direction by setting the orientation of the quarter-wave plate, thereby interchanging the circular polarisation states. Fig. 3 . Frames from a movie showing the optically driven pump and probe particle. The channel is 15 µm (height) by 15 µm (width) by 27 µm (length) and the vaterite particles are 6 µm in diameter. The probe particle is driven from one end of the channel to the other by the fluid flow.
RESULTS
In the example we report here, the microfluidic channel measured 15 µm (height) by 15 µm (width) by 27 µm (length).
The two vaterite particles of the pump were measured to spin at constant speeds of 8.7 Hz and 9.2 Hz respectively. To measure the fluid flow induced by the optically driven pump, we positioned and trapped a third silica bead, 1 µm in diameter at the entrance of the channel. When the trapping beam for the probe particle was blocked the particle was released into the fluid flow. Fig. 3 shows a sequence of images taken at 2 s intervals showing the probe particle being pumped through the channel. Fig. 3 shows a trace of the path taken by the silica bead. The colour of the line indicates the speed of the probe particle (as deduced from measurements of particle position in subsequent frames) as it moves along the channel, it is clear to see the increase in speed as the probe passes in-between the rotating particles. Measuring speed of the pumped bead though video analysis indicated a maximum flow rate of 8.3 µm s −1 as the bead passed through the middle of the pump. The flow generated further away from the rotating beads, over the larger cross-section area at the entrance and exit of the channel, was found to be reduced to 1 µm s −1 . Fig. 4a shows more clearly a trace of the path taken by the silica bead. The colour of the line indicates the speed of the probe particle (as deduced from measurements of particle position in subsequent frames) as it moves along the channel, it is clear to see the increase in speed as the probe passes in-between the rotating particles. Measuring speed of the pumped bead though video analysis indicated that the average rate of flow generated by the pump through the channel was calculated to be 3.4 µm s −1 . A maximum flow rate of 8.3 µm s −1 was observed as the bead passed through the middle of the pump. Fig. 4. a) The traced path of a 1 µm silica particle being pumped through a 15 µm wide PDMS channel. The colour of the trace changes as the particle accelerates and then decelerates due to the pumping effect. The probe is held in a third optical trap and then released after a few seconds. b) Measured flow field mapped while fluid is being pumped. a b
The vector plots in Fig. 4b , were obtained using methods previously reported by ourselves 20 and show a complete flow map within the channel. The pump generates a significant flow within a microchannel, the magnitude of which increases near the vaterite particles. The direction of flow at the probed positions is always found to be consistent with that anticipated. Fig. 5a shows the measured flow produced at the centre of the pump as a function of both forward and reverse flow. The forward and reverse rotation rate of the vaterite was controlled by adjusting the power of the laser and measured by examining the periodicity of the small fluctuations in the power of the transmitted IR light as it passed through the sample. Care was taken so that pressure at each channel entrance was equal so that there was no residual flow. In addition, we did not observe any effects due to possible heating of the fluid from absorption of the IR light.
The observed variation in the fluid flow speed along the channel is consistent with uniform flux. Across the entrance and exit of the channel, the flow rate is approximately uniform at 1 µm s −1 . The extremely low Reynolds number of the fluid system, coupled with distance from the rotating spheres, 23 implies that the direction of the flow is largely constant with depth. This enables us to estimate the flux at the entrance and exit of the channel of 200 µm 3 s −1 . Between the spheres, the flow is higher, ≈ 8 µm s , but the effective cross-section of the flow is less. Measurements of the local fluid flow near a rotating sphere suggest that the vertical extent of the moving fluid corresponds to 1.5 particle diameters 21 . This implies that the fluid flow flux is also of order 200 µm 3 s −1 , consistent with a stable flux along the channel length. Further experiments were performed to investigate the effect of the wall on the motion of the fluid. The drag forces induced by a spinning spherical object in an infinite fluid would cause the surrounding medium to circulate freely 21 , resulting in no net translational flow. In our case we deliberately bring the rotating particles as close as possible to a wall in order to minimize any unwanted backflow. Fig. 5 shows a 5 µm vaterite particle spinning anticlockwise at constant frequency while a 1 µm diameter silica probe was used to measure the change in flow around the particle as it is moved away from the wall. It clearly shows that in order to pump effectively in a channel the vaterite particles need to be positioned close enough to the walls such that the back flow around each is blocked.
CONCLUSIONS
In conclusion we have demonstrated an optically driven pump in a microfluidic channel. The pump was formed by placing two counter-rotating birefringent particles in a micro channel. The flux caused by the pump was measured to be of order 200 µm 3 s -1 (200 fL s -1 ). This method of pumping can be used to accurately transport small quantities of liquid. The technique could be extended to include a chain of pumps so that pumping in a more complex microfluidic system is achieved. Whilst the present system requires large lasers coupled into a microscope, there is a possibility to integrate the optical tweezers system into a lab-on-a-chip device.
